Solvent-Free Aerobic Selective Oxidation of Alcohols Catalyzed by Palladium-Containing Heterogeneous Catalysts by 吴红丽
学校编码：10384                             分类号      密级   
学号：200225080                             UDC      
厦  门  大  学 
硕  士  学  位  论  文 
含钯多相催化剂上以氧气为氧化剂的
醇类无溶剂选择氧化反应 
Solvent-Free Aerobic Selective Oxidation of Alcohols 
Catalyzed by Palladium-Containing Heterogeneous 
Catalysts  
吴红丽 
指导教师姓名：王 野  教授 
专 业  名 称：物 理 化 学 
论文提交日期：2005 年 06 月 
论文答辩时间：2005 年 06 月 
学位授予日期：2005 年   月 
 
答辩委员会主席：             
评    阅    人：             







































 目  录 
i  
    目   录 
摘要················································································································ I 
Abstract ········································································································· II 
 
第一章 绪 论 
1.1 研究背景 ······························································································ 1 
1.2 以 H2O2 为氧化剂的醇氧化催化体系 ················································ 2 
1.3 以 O2 为氧化剂的醇氧化催化体系····················································· 4 
1.3.1 Ru 系催化剂··················································································· 4 
1.3.1.1 均相催化 ················································································ 5 
1.3.1.2 多相催化 ················································································ 7 
1.3.2 Pd 系催化剂 ··················································································· 10 
1.3.2.1 均相催化 ················································································ 10 
1.3.2.2 多相催化 ················································································ 13 
1.2.3 其他金属催化剂············································································ 15 
1.4 本论文的研究目的与拟开展的工作 ··················································· 17 
参考文献 ·································································································   18 
 
第二章 实验部分 
2.1 原料与试剂 ························································································ 21 
2.2 催化材料制备 ···················································································· 23 
2.2.1 主要载体的制备·········································································· 23 
2.2.2 催化剂制备 ·················································································· 24 
2.3 催化剂表征 ························································································ 26 













 目  录 
ii  
2.3.2 化学分析 ····················································································· 26 
2.3.3 透射电镜(TEM) ········································································  26 
2.3.4 金属分散度的测定····································································  26 
2.3.5 程序升温还原（H2-TPR） ·······················································  27 
2.3.6 紫外可见光谱(UV-vis)······························································  27 
2.4 催化反应性能测定 ··········································································  27 
2.4.1 苯甲醇氧化反应性能的测定 ····················································  28 
2.4.2 其它醇氧化反应性能的测定 ····················································  28 
2.4.3 产物分析条件及其计算方法 ····················································  29 
2.4.4 催化剂的循环使用····································································  29 
参考文献 ·································································································  30 
 
第三章 Pd/Al2O3催化以氧气为氧化剂的醇选择氧化反应的研究 
3.1 引言 ······································································································  31 
3.2 催化剂的探索过程 ··············································································  31 
3.2.1 不同过渡金属负载 Al2O3 催化剂的催化性能 ·························  31 
3.2.2 载体对催化性能的影响····························································  32 
3.2.3 溶剂对催化性能的影响····························································  33 
3.3 无溶剂下醇的氧化反应 ······································································  34 
3.3.1 载体对催化性能的影响····························································  34 
3.3.2 不同形态钯对催化性能的影响 ················································  35 
3.3.3 吸附法和浸渍法制备的 Pd/Al2O3 催化性能比较 ····················  37 
3.3.4 不同含量 Pd/Al2O3-ads 的催化性能 ········································  38 
3.3.5 催化剂稳定性研究····································································  40 













 目  录 
iii  
3.3.7 Pd/Al2O3-ads 焙烧温度对催化性能的影响·······························  41 
3.4 Pd/Al2O3-ads 催化剂上苯甲醇无溶剂选择氧化反应的动力学研究 
·········································································································  42 
3.4.1 催化剂用量对催化性能的影响 ················································  42  
3.4.2 反应温度对催化性能的影响 ····················································  43 
3.4.3 反应时间对催化性能的影响 ····················································  45 
3.4.2 氧气压力对催化性能的影响 ····················································  48  
3.5 其他醇的氧化 ··················································································  50 
3.6 催化剂表征 ······················································································  51 
3.6.1 样品中氯的测定········································································  51 
3.6.2 紫外可见漫反射结果································································  52 
3.6.2.1 氧化铝焙烧温度不同的样品 ·············································  52 
3.6.2.2 Pd/Al2O3-ads 焙烧温度不同的样品 ···································  53 
3.6.2.3 不同含量 Pd/Al2O3-ads 样品 ·············································  53 
3.6.2.4 不同形态含钯样品·····························································  54 
3.6.3 TEM 结果 ···················································································  55 
3.6.3.1 不同含量吸附和浸渍样品的 TEM 结果 ···························  55 
3.6.3.2 醇反应后样品的 TEM 结果···············································  57 
3.7 小结 ··································································································  58 
参考文献 ·································································································  59 
 
第四章 Pd/NaX 催化以氧气为氧化剂的醇选择氧化反应的研究 
4.1 引言 ·································································································  60 
4.2 催化性能 ··························································································  61 













 目  录 
iv  
4.2.2 离子交换法和浸渍法制备的 Pd/NaX 催化性能比较 ··············  62 
4.2.2.1 Pd/NaX-C500 oC 催化性能比较 ········································  62 
4.2.2.1 Pd/NaX-C300 oC-R300 oC 催化性能比较···························  62 
4.2.3 不同形态钯对催化性能的影响··················································  63 
4.2.4 催化剂稳定性研究 ·····································································  65 
4.2.5 Pd/NaX-ie 催化剂上苯甲醇无溶剂选择氧化反应的动力学研究 
·····································································································  65 
4.2.5.1 反应温度与反应性能的关系 ·············································  66 
4.2.5.2 反应时间与反应性能的关系 ··············································  67 
4.2.5.3 氧气压力与反应性能的关系 ··············································  70 
4.2.6 其他醇的氧化 ············································································  72 
4.3 催化剂表征 ·······················································································  73 
4.3.1 TEM-EDX 结果··········································································  73 
4.3.1.1 1.26 wt%Pd/NaX-C500 oC 的 TEM-EDX 结果 ··················  73 
4.3.1.2 焙烧温度不同对金属钯粒子大小的影响 ··························  75 
4.3.1.2.1 1.26 wt%Pd/NaX-ie-C250 oC-R300 oC 的 TEM 图 ······  75 
4.3.1.2.2 1.26 wt%Pd/NaX-C300 oC-R300 oC 的 TEM-EDX 图·  76 
4.3.1.2.3 1.26 wt%Pd/NaX-C500 oC-R300 oC 的 TEM-EDX 图·  78 
4.3.1.3 醇反应后样品的 TEM 结果···············································  80 
4.3.1.3.1 1.26 wt%Pd/NaX-C300 oC-R300 oC 反应后的 TEM 图 
·····································································································  80 
4.3.1.3.2 1.26 wt%Pd/NaX-C500 oC 反应后的 TEM-EDX 图····  82 
4.3.1.4 Pd/NaX 中 Pd 粒子平均粒径结果 ··································  85 
4.3.2 Pd/NaX 不同焙烧温度样品的 H2-TPR 结果·····························  85 
4.3.3 转化频率(TOF)与钯粒径的关系 ··············································  88 













 目  录 
v  
参考文献 ·····································································································  89 
 
第五章 结论 ···························································································  90 
硕士在读期间发表论文目录······························································  93 
















   CONTENTS 
Abstract in Chinese ·········································································I 
Abstract in English··········································································II 
 
CHAPTER 1  General Introduction 
1.1 Research Background ·········································································· 1 
1.2 Catalytic Systems for oxidation of alcohol Using H2O2 ····················· 2 
1.3 Catalytic Systems for oxidation of alcohol Using O2 ························· 4 
1.3.1  Palladium Oxidation Catalysis ····················································· 5 
1.3.1.1  Homogeneous Catalysis ························································ 5 
1.3.1.2  Heterogeneous Catalysis ······················································· 7 
1.3.2  Ruthenium Oxidation Catalysis ·················································· 10 
1.3.2.1  Homogeneous Catalysis ························································ 10 
1.3.2.2  Heterogeneous Catalysis ······················································· 13 
1.3.3  Other Metals Oxidation Catalysis ················································ 15 
1.4 Objectives and Outline of this Thesis ················································· 17 
References ·································································································· 18 
 
CHAPTER 2  Experimental 
2.1 Materials and Reagents ······································································· 21 
2.2 Synthesis of Catalytic Materials ························································· 22 
2.2.1  Synthesis of main Supporter ························································ 22 
2.2.2  Synthesis of Different Metal-containing Compounds··················· 24 
2.3 Characterizations of Catalysts ···························································· 26 















2.3.2  Chemical Analysis········································································ 26 
2.3.3  TEM-EDX Characterizations ······················································· 26 
2.3.4  Metal Dispersion Characterizations ············································· 27 
2.3.5  H2-TPR Characterizations ···························································· 27 
2.3.6  UV-vis Spetra Characterizations ················································· 27 
2.4 Measures of Catalytic Reactions ······················································· 27 
2.4.1  Measure of for Epoxidation of Benzyl alcohol····························· 28 
2.4.2  Measure of for Epoxidation of Other Alcohols ···························· 28 
2.4.3  Production Analysis and Calculation Method ······························ 29 
2.4.4  Recycling Uses of Catalysts ························································· 29 
References ·································································································· 30 
 
CHAPTER 3 Catalytic Properties of Pd/Al2O3 for Solvent-Free 
Aerobic Oxidation of Alcohols 
3.1 Introduction·························································································· 31 
3.2 the Course of Exploring Catalysts ······················································ 31 
3.2.1  Catalytic Properties of Different Transition Metal  
Ion-containing Al2O3····································································· 31 
3.2.2  Effect of Pd2+-containing Different Zeolites for oxidation of Benzyl 
Alcohol ························································································ 32 
3.2.3  Effect of Solvents for oxidation of Benzyl Alcohol······················ 33  
3.3 Solvent-Free Aerobic Oxidation of Alcohols ······································ 34 
3.3.1  Effect of Pd2+-containing Different Carriers ····································· 34 
3.3.2  Effect of Different States of Pd ···················································· 35 
3.3.3  Catalytic Performances of Pd/Al2O3-ads and Pd/Al2O3-imp ········ 37 
















3.3.5  Stabilities of Catalysts·································································· 40 
3.3.6  Effect of Calcination Temperature of Al2O3 ································· 40 
3.3.7  Effect of Calcination Temperature of Pd/Al2O3-ads ····················· 41 
3.4 Research of Kinetics for Solvent-Free Aerobic Oxidation of Alcohols 
Catalyzed by Pd/Al2O3-ads············································································ 42 
3.4.1  Effect of Amount of Catalysts ······················································ 42 
3.4.2  Effect of Reaction Temperature···················································· 43 
3.4.3  Effect of Reaction Time ······························································· 45 
3.4.4  Effect of O2 Pressure ·································································· 48 
3.5 Oxidation of Various Alcohols····························································· 50 
3.6 Characterizations of Catalysts ·························································· 51 
3.6.1  Mensuration of Chlorine in Catalyst ·········································· 51 
3.6.2  UV-vis Spetra Results ································································ 52 
3.6.2.1 UV-vis Spetra of Different Calcination Temperature of Al2O3 ·52 
3.6.2.2 UV-vis Spetra of Pd/Al2O3-ads by Different Calcination 
Temperature ··········································································· 53 
3.6.2.3 UV-vis Spetra of Different amount of Pd in Pd/Al2O3-ads ······· 53 
3.6.2.4 UV-vis Spetra of Different states of Pd ···································· 54 
3.6.3  TEM Characterization Results ····················································· 55 
3.6.3.1 TEM Results of Pd/Al2O3-ads and Pd/Al2O3-imp ···················· 55 
3.6.3.2 TEM Results of Catalysts after Reaction·································· 57 
3.7 Conclusions··························································································· 58 
References··························································································· 59 
 















Aerobic Oxidation of Alcohols 
4.1 Introduction·························································································· 60 
4.2 Catalytic Properties ············································································· 61 
4.2.1.  Effect of Calcination Temperature of Pd/NaX-ie························· 61 
4.2.2  Catalytic Performances of Pd/NaX-ie and Pd/NaX-imp ··············· 62 
4.2.2.1  Catalytic Performances of Pd/NaX-C500 oC························· 62 
4.2.2.2  Catalytic Performances of Pd/NaX-C300 oC-R300 oC ·········· 62 
4.2.3  Effect of Different States of Pd ···················································· 63 
4.2.4  Stabilities of Catalysts·································································· 64 
4.2.5  Research of Kinetics for Solvent-Free Aerobic Oxidation of 
Alcohols Catalyzed by Pd/NaX-ie·············································64 
4.2.5.1  Effect of Reaction Temperature············································· 65 
4.2.5.2  Effect of Reaction Time ························································ 67 
4.2.5.3  Effect of O2 Pressure ··························································· 70 
4.2.6  Oxidation of Various Alcohols ····················································· 72 
4.3 Characterizations of Catalysts ·························································· 73 
4.3.1  TEM-EDX Results ········································································ 73 
4.3.1.1  TEM-EDX Results of 1.26 wt%Pd/NaX-C500 oC·················· 73 
4.3.1.2  Size of Pd Particles by Controlling Calcination Temperature 
································································································· 75 
4.3.1.2.1 TEM Results of 1.26 wt%Pd/NaX-ie-C250 oC-R300 oC ···75 
4.3.1.2.2 TEM-EDX Results of 1.26 wt%Pd/NaX-C300 oC-R300 oC
························································································· 76 
4.3.1.2.3 TEM-EDX Results of 1.26 wt%Pd/NaX-C500 oC-R300 oC
································································································· 78 















4.3.1.3.1 TEM Results of 1.26 wt%Pd/NaX-C300 oC-R300 oC after 
Reaction ··················································································· 80 
4.3.1.3.2 TEM Results of 1.26 wt%Pd/NaX-C500 oC after Reaction
································································································· 82 
4.3.1.4  Sizes of Pd Particles ······························································ 85 
4.3.2  H2-TPR Results of Pd/NaX by Controlling Calcination Temperature
····································································································· 85 
4.3.3  Correlations between theSizes of Pd and TOF.····························· 88 
4.4 Conclusions··························································································· 89 
References ·································································································· 89 
 
CHAPTER 5  General Conclusion·····················································90 














摘  要 
 I   






































 Ⅱ  
ABSTRACT 
Solvent-free oxidation of alcohols with molecular oxygen catalyzed by 
palladium catalyst has been studied. Two novel highly efficient catalysts, i.e., the 
alumina-supported palladium prepared by an adsorption method and the Pd/NaX 
prepared by ion-exchange followed by appropriate post-treatment have developed. 
The dissertation is composed of two parts. 
In the first part, catalytic properties of alumina-supported palladium catalyst 
were investigated for solvent-free oxidation of alcohols with molecular oxygen. 
Two series of Pd/Al2O3 prepared by the adsorption method and conventional 
impregnation method were compared. The states of Pd in the catalysts were 
characterized by UV-Vis spectroscopy and TEM, and were correlated with the 
catalytic properties. It was proposed that the high dispersion of palladium accounted 
for the high activity. 
In the second part, the synthesis, characterization of Pd/NaX and its catalytic 
properties in the solvent-free selective oxidation of alcohols were studied. It was 
found that the post-treating conditions such as calcination temperature could 
influence the sizes of Pd particles. The catalyst with small Pd particles (<5 nm) 
exhibited superior catalytic activity in the alcohol oxidation. 
The two catalytic systems possess following common features: (i) samples 
which have not been reduced by H2 under high temperature show an induction 
period in the reaction, while for those pre-reduced by H2, such an induction period 
does not exist. Thus PdⅡ may undergo reduction to Pd0 in the course of the alcohol 
oxidation, and Pd0 may be the true active species; (ii) catalytic performances are not 
changed by decreasing oxygen pressure in a certain range of oxygen pressure; (iii) 
the catalysts are stable, and recyclable; (iv) catalysts are highly efficient in the 
solvent-free selective oxidation of various alcohols, such as aromatic alcohols, 
aliphatic alcohols, cyclic alcohols, heterocyclic alcohols containing a heteroatom. 
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